Temporal information on mammalian evolution allows testing of hypotheses about the mode of speciation and extinction, comparison of rates of evolution across taxa, and correlation of cladogenesis with important geological processes. Important insights can be made from combining data from fossils and molecules (DNA sequences), and relevant methods are expanding. When considering these methods, careful consideration should be given to features affecting time estimation (e.g., accuracy of tree construction, branch length estimation, taxonomic and genomic sampling, and sources of genetic and calibration errors). We report on the available methods that aid in evolutionary time estimation from molecular data and corresponding fossils. We recommend several steps to improve this process. First, we recommend using appropriate DNA substitution models to help correct DNA distance estimates and construct trees with more reliable branch lengths. Second, we recommend using multiple fossil calibration dates where possible. Third, in general, we recommend a conservative approach to time estimation by reporting inherent errors associated with genetic distances, calibration selection and application. In conclusion, temporal data derived from molecular clocks should be regarded in light of their dependence on paleontological information and their synergy with fossil data rather than competing with paleontological information. Thus, despite the varied sources of error, we encourage the extraction of time from molecular data with careful examination of potential biases.
Placing relative or absolute times on cladogenic events is highly informative. Mammalogists interested in the evolution and biogeography of their study organisms often would like to add a temporal component to their investigations. Evolutionary time scale information can be obtained directly from the fossil record, but many methods are currently available to extract temporal information from a molecular data set. A molecular-clock approach is especially useful in instances where fossil data are fragmentary, difficult to interpret, or altogether absent for the times of interest. Well-cali-* Correspondent: ondatra@socrates.berkeley.edu brated molecular clocks can be used to check the temporal usefulness and adequacy of the fossil history of any group of interest and, therefore, provide an extremely useful technique for ascertaining time of evolutionary divergence (e.g., Eizirik et al. 2001; Norman and Ashley 2000; Yoder and Yang 2000) . This is an especially exciting time for estimating deep divergences within mammals because of the availability of diverse molecular markers (Eizirik et al. 2001; Murphy et al. 2001a) , application of new methods of analysis (Murphy et al. 2001b) , and significant fossil discoveries (Ji et al. 2002; Luo et al. 2001; Rauhut et al. 2002) . New FIG. 1.-Principle of using an existing fossil record to calibrate the molecular clock. Arrows on cladogram indicate 2 possible calibration nodes, with diamonds reflecting oldest occurrences of fossils on each branch. Assume that we are interested in inferring the evolutionary divergence times of nodes A-E. When using the fossil record alone with this topology, divergences of clades B-D would be underestimated because of extensive fossil gaps relative to the early history of these groups. However, we can use the fossil record in clade A to determine the overall evolutionary rate on a molecular-based tree (not shown) and apply this rate to estimate the divergence times on nodes B-E. This method uses an ''internal'' calibration in conjunction with the oldest occurrence on branches leading from A (shown in black). Alternatively, we could use the fossil record relevant to node E to estimate divergences A-D. In this case, an external calibration might be preferred to calibration node A because the stem and crown of node E are temporally well defined. However, it is recommended to use multiple calibrations whenever multiple nodes can be adequately calibrated with fossils because they allow for cross-validation. markers and fossils allow hypotheses to be tested from alternative perspectives and refresh debates over the biogeography and timing of these important events in mammalian evolution. Future developments in these fields will continue to revitalize these issues.
The critical issue of calibrating molecular clocks is whether a more adequate fossil record of 1 group (i.e., either part of the larger group of interest or outside) can be applied to the studied taxa (Fig. 1) . In practice, this assumption implies that a single molecular evolutionary rate can be inferred from a closely (e.g., sister genus) or distantly (e.g., sister class) related evolutionary lineage and applied to the group of interest. Ultimately, this approach works truthfully if genetic change is constant throughout the evolutionary history of the ingroup and the calibration. The existence of linearity of genetic change over long time periods remains controversial, but it can be argued that having approximate molecular clock estimates is better than having no temporal data at all. This statement is especially powerful in avian, but also in mammalian, timescales, considering the depauperate fossil record of several major lineages. For example, pre-Holocene fossils are completely lacking for diverse vertebrate lineages including lemurs, chimpanzees, mormoopid bats, bolyeriid snakes, hummingbirds, and New Zealand wrens and kiwis (Benton 1993) .
Beyond providing initial evolutionary divergence estimates for the origins of these lineages, molecular clocks are useful for testing the overall completeness of the fossil record. For example, it can be argued that the fossil record at large is rather unpredictable. In some cases, the oldest available fossils on a lineage are representative of a true primitive member on that lineage; e.g., it is generally believed that Hyracotherium at ϳ50 million years old (Prothero and Schoch 1989) presents the primitive hippomorph. Alternatively, relative ages derived from the branching order on an estab-lished topology can be incompatible with the available fossil record. Here, molecularclock estimates fill in these gaps, and several molecular investigations emphasize use of clocks for this purpose.
Finally, molecular-clock data, in certain instances, have indicated younger evolutionary ages than derived from the fossil record. In some of these cases, renewed analysis of the existing fossil record has led to different temporal and phylogenetic (stem-crown) interpretations. The most famous example involves the divergence time of humans from apes. Before extensive molecular data were available, humans were thought to represent a basal position among apes, and interpretation of the fossil record suggested a stem age of about either 30 million years ago (Aegyptopithecus as a hominid) or 13-16 million years ago (Ramapithecus as a hominid- Wilson et al. 1987) . After discovery of the human-chimpanzee relationship from molecular data, clock analysis and new fossil findings now suggest a much younger age of the stem human lineage (an average of about 5 ϫ 10 6 years ago from 10 molecular studies, and 5.4 ϫ 10 6 years ago Ϯ 1.1 SE as the most recent molecular estimate- Stauffer et al. 2001) .
It is clear that a general need exists for using molecular clocks. We discuss the collaboration of fossil and molecular data in estimation of evolutionary time. We recommend extracting time from genetic data whenever possible but emphasize that molecular time estimates will be of limited value if extensive phylogenetic or temporal uncertainty exists around a selected molecular-clock calibration and if molecular-rate heterogeneity-distance saturation is not properly accounted for (Fig. 2) . Furthermore, we provide a review of methods currently available to test for constancy of molecular rates across taxa and to aid in analysis of genetic data through time. An overview of the text below is provided in Fig. 3 .
CHOICE OF PROPER CALIBRATION FOR A MOLECULAR CLOCK
All temporal interpretations must begin by finding calibration ages (i.e., direct temporal data). Subsequently, temporal information on 1 group can be used in conjunction with molecular data to estimate divergence times of other taxa. The fossil record can provide estimates of evolutionary divergence ages by verifying lineages at points in time and space with geological dating techniques. Ideally, the fossil history of a lineage would indicate the time and place of divergence of 2 descendant lineages from a common ancestor. In reality, fossils do not represent a node but rather points along a branch (Lee 1999; Sanderson 1997; Springer 1995) . Nodes in a phylogenetic tree indicate a splitting of taxa, or rather, the gene or genomic partition used in the reconstruction. Thus, using fossils to apply time to a molecularly derived divergence carries some degree of interpretation. The aim of molecular researchers should be to minimize this error as much as possible when choosing fossils for calibration ( Fig.  1) . After a calibration fossil is found, its phylogenetic position also should be carefully scrutinized because it is not always clear to what clade a fossil specimen might belong or if that clade is extant.
After a fossil's characteristics are determined to be clearly diagnostic to a clade and its temporal proximity to a node or a cladogenic event is established, we may then identify a minimum age on a clade (Fig. 3) . A confidence interval for this minimum age can be provided if the calibrated lineage is represented in multiple strata (Marshall 1990 ). These confidence intervals are a function of the stratigraphic range and number of fossil horizons. However, the nature of the fossil record has limited molecular workers to using only the age of the 1st occurrence of taxa in the fossil record as calibration. These minimum fossil ages for a lineage are often used as a calibration for the crown node just before it in time ( Fig. 1) . Some authors have chosen to estimate the added amount of time between 1st occurrences and point of cladogenesis (Foote et al. 1999 ), but such information remains provisional. Thus, estimates of the rate of molecular evolution should be made with a temporally and phylogenetically well-understood fossil record.
One calibration versus multiple.-Depending on the studied taxa, it might be possible to infer a molecular rate from multiple well-established, independent fossil calibrations (Fig. 4) . It should be realized that, although it is always possible to time multiple nodes with fossils, it is crucial to use well-understood calibrations. For example, there is a danger of wrongly perceiving similar timescales with multiple calibrations when all fossils used exhibit biases in the same direction. However, if available, several benefits exist to independent estimation of molecular rates. For example, no complete certainty exists in single time estimates or in exact inference on FIG. 3.-Flowchart of necessary steps in extracting useful temporal information from fossil and molecular data. This flowchart starts with a preferred paleontological record from which fossils are chosen for calibration of molecular clocks. After an (fossil based) age with confidence interval has been applied to a divergence, this age in conjunction with a corrected genetic distance will yield a molecular rate, which is used to estimate other evolutionary divergence times. The text provides more detailed information on each step, including methods to extract time in absence of a global clock.
the skew of a particular estimate of genetic distance. Although using multiple calibration points will add error to the linear relationship of genetic distance with time (or decrease precision), it also will increase chances of yielding more realistic estimates (or increase accuracy; Fig. 4 ). When opting to use multiple calibrations, researchers should consider investigating the observed patterns with different calibration points (e.g., potential biases and the extent of rate heterogeneity across different temporal scales). Although it is up to the practitioner to decide to remove any points, major outliers should at least warrant inspection. Multiple points also can set useful boundaries on estimates of less well-characterized nodes (Cao et al. 2000) .
Considering the emphasis of this study on a positive interplay between fossil and molecular data, it is worth mentioning related methods and benefits of bringing together molecular and paleontological data. 1) Use of fossils as independent checks on the accuracy of molecular-based methods and results (Norman and Ashley 2000) : if FIG. 4. -Two ways in which having multiple calibration points can help: A) 1 point suggests a perfectly linear relationship; B) by adding more points, the original point is a good reflection of the distance-time relationship; C) the original point is an outlier on the overall regression.
fossil evidence is widely different from that predicted by molecular data, concern should be given to the data (molecular and fossil), methods, and interpretations, but circular arguments should be avoided. 2) Study of stratigraphic consistency (Benton 1998; Benton et al. 1999; Siddall 1998): i.e., if a branching relationship derived from molecular data is highly divergent from that hypothesized from the fossil record, we should be concerned. Again, both molecular and fossil data need to be scrutinized.
External versus internal calibrations.-Molecular data frequently are gathered for obtaining insight into the evolutionary history of problematic taxa and thus come with a scarce fossil record. The lack of ''good'' calibration points could force someone to use a calibration point from outside the group of interest (Fig. 1) . For example, the scarcity of an abundant and continuous fossil record for modern bird lineages and the fossil bias against arboreality have forced ornithologists to use external calibrations (van Tuinen and Hedges 2001). In mammalian-clock studies, the fossil record generally is used for calibration, but avian clocks have sometimes been calibrated on the synapsid-diapsid or birdcrocodile divergence. Risk of extrapolating from Tertiary and Cretaceous to Carboniferous time is that the time-genetic distance relationship could be significantly different (Arnason et al. 1996) . It may be sufficiently consistent within both groups but not between groups. When dealing with a clade lacking useful fossils, this relationship is untestable in any direct way with fossils, but it is testable with molecular relative-rate or likelihood-ratio tests.
TESTING CLOCKLIKE BEHAVIOR OF MOLECULAR DATA

Genetic Distance Corrections
Beyond a correct depiction of phylogenetic relationships among taxa, it is important to correlate genetic distance with time. This can be done for single pairs or multi-ple taxa (within a tree). The most common procedure, described above, is to find some measure of genetic distance (Fig. 3) that has been calibrated with time in 1 clade and to apply this rate to another clade. However, a potential problem with application of a single evolutionary rate is the possibility that genetic distances do not accrue linearly with time due to saturation. Beyond some point, in every gene, multiple substitutions at sites lead to inaccurate representation of the true genetic distance between taxa and therefore obscure the time of divergence. Discovery of these saturation events has succeeded the molecular-clock hypothesis (Zuckerkandl and Pauling 1962) but should not be perceived as evidence against it. The original molecular-clock hypothesis suggests that, over some time frame, genetic distance measured as number of substitutions or percentage of dissimilarity will accumulate linearly with time, given enough points to construct a regression line. Although largely in need of establishment for deep-life divergences, available methods are able to correct for saturation (Fig. 3 ) at more recent (ordinal and below) levels and therefore linearize the distance-time regression. Fortunately, genetic-distance correction is now standard practice among molecular-clock practitioners.
Toward this goal, several statistical tests for rate constancy have been developed, as well as a variety of models of DNA substitution to ''correct'' DNA divergence for multiple hits. Furthermore, use of accurate models of DNA evolution for tree construction and genetic distances can improve the linearity of time with genetic distance (Arbogast and Slowinski 1998; Buckley et al. 2001; Posada 2001) if heterogeneity across taxa is not extreme. Procedures for model selection have been described elsewhere (Posada 2001; Posada and Crandall 1998; Sullivan and Swofford 1997) and involve examining the fit among data, trees, and DNA substitution models.
Testing for Clocklike Evolution
After (corrected) genetic distances have been obtained, 1 of the 1st concerns is to determine whether divergence (accumulated mutations) in molecular data is equivalent across taxa or lineages. Molecular data will refer to coding and noncoding DNA or RNA sequences or to protein sequences. Also, genes in 1 taxon might be under more or less selection than the homolog in a related taxon; for example, Frye and Hedges (1995) noted a loss of selective pressure in the insulin complex of guinea pigs. Although numerous studies have found deviations from clocklike evolution, interpreted variably as functions of body mass, metabolism, DNA repair efficiency (Martin and Palumbi 1993; Mindell and Thacker 1996) , or other factors (Ayala 1999; Britten 1986; Bromham et al. 1996; Wu and Li 1985) , the usefulness of a molecular-clock approach should be tested for each gene and lineage before accepting or rejecting the principle (S. Kumar and A. J. Filipski, in litt.) . This is especially important in studies that are broad in taxa and loci. For example, although DNA rate constancy may hold in a group such as the family Muridae (O'Huigin and Li 1992), well-documented differences between groups such as rodents and nonrodents (Adkins et al. 2001; Weinrich 2001) are mounting. There are a variety of ways of testing for deviation from rate constancy.
Pairwise tests.-Pairwise tests of genetic distances can be used to examine rate heterogeneity among sister taxa (Muse and Weir 1992; Tajima 1993; Wu and Li 1985) . These methods involve a statistical comparison of 2 branch lengths leading from the most recent shared node in the tree. Many software packages carry these tests, although methods of combining results are relatively undeveloped and suffer from nonindependence across comparisons. In those cases, G-tests (Sokal and Rohlf 1995) or weighting schemes can be used (Robinson et al. 1998 ), but their power may, in some cases, be too low to be useful (Bromham et al. 2000) .
Clade tests.-Beyond doing all pairwise tests to identify outliers, it is possible to test for rate differences among clades. This is a useful hypothesis to test particularly if fossil calibrations from 1 taxonomic group can be used to time events in a related clade. PHYLTEST software (S. Kumar, in litt.) allows testing of clade differences with several different DNA distance models and calculation of the ratio of branch-length differences among clades. RRTREE (Robinson-Rechavi and Huchon 2000) allows testing of clade differences at synonymous and nonsynonymous sites by taking into account tree structure. From a likelihood perspective, RHINO (Rambaut and Bromham 1998) allows setting of multiple rates during maximum-likelihood (ML) tree searching. The resulting tree scores in this last method can be used to test whether trees are more or less likely given Ն1 rates of evolution.
Overall tree shape.-Likelihood-derived trees can be constructed with and without a clock constraint and their difference in loglikelihood scores tested (Felsenstein 1988) . If a clock-constrained tree is not significantly less likely, its branch lengths can then be used as a proxy for time. If not, we should be concerned about the accuracy of any molecular estimates obtained this way.
Clock-constrained trees.-In an ideal situation, relationships among taxa and time from the same tree might be recovered. Unfortunately, this is often done even when branch lengths are unequal. However, ultrametric trees are possible to construct. Such trees are usually not the 1st goal of phylogeny construction. Rather, branching structure and, therefore, nearest-neighbor and systematic relationships are most often the foci. Methods such as the unweighted pair group method using arithmetic averages (UPGMA-Sokal and Michener 1958) and ML (with a clock constraint) are potential ways to construct ultrametric trees. Unfortunately, UPGMA is often not the most accurate method (Huelsenbeck and Hillis 1993) . The ML analysis of DNA sequences with constraint for lineages to evolve in a clocklike manner provides a very useful tool, but searching for ML trees is a complex and computationally expensive procedure, requiring some understanding of the models involved and the method of model selection (Posada and Crandall 1998; Sullivan and Swofford 1997) . When constraining a ML tree to a clock, the possible change in topology and the decrease in likelihood score should be evaluated. To help with the 1st problem, the branching structure can be optimized initially and a clock constraint subsequently applied. A significantly worse likelihood score suggests that the tree should not be used for interpretation of time along branches. However, if retrieving any temporal information is still favored despite suboptimal conditions, nonclock trees can be modified for this purpose.
WHAT TO DO WHEN DATA ARE NOT CLOCKLIKE?
Linearized trees.-When trees or lineages are unclocklike due to excessive among-lineage rate heterogeneity, taxa that deviate excessively from rate constancy can be pruned. In the process, the tree becomes linearized (Takezaki et al. 1995) and relative-rate or likelihood-ratio tests can be retested until the remaining tree is entirely clocklike (Prune taxa and retest; Fig. 3) . However, removal of taxa could eliminate calibration nodes or alter the structure of the resulting tree. Under those circumstances, it is best to either look for alternative data sets or use the data as is under a heterogeneous-rate model.
Relaxed clock trees and quartet dating.-Several approaches have been used to modify nonclock trees to represent time. Allowing multiple rates within a multi-rate tree (Rambaut and Bromham 1998; Yoder and Yang 2000; Fig. 3 ) is an intermediate between a fully clocklike tree and 1 with no clock constraint at all. Other approaches (Huelsenbeck et al. 2000a; Kishino et al. 2001; Sanderson 1997 Sanderson , 2002 Thorne et al. 1998 ) allow rates of evolution to change across a tree. This has been modeled as a process of rate evolution either along branches or at nodes. Although this approach shows promise, it is a very recent advance in this field and still relatively preliminary. In situations of excessive rate heterogeneity, ''smoothing'' algorithms, such as nonparametric rate smoothing (Fig. 3) , may not sufficiently correct (C. J. Conroy, in litt.) because potentially untestable assumptions are being made regarding rate correction in these situations.
After a multi-rate tree has been obtained, another approach is to examine the tree in small portions, 4 taxa at a time. With a program such as QDate (Rambaut and Bromham 1998 ) and a sufficient number of fossil calibration points (but see above), nodes ancestral to the calibration points can be timed. Multiple estimates also can be obtained with multiple calibration points that are descendant from the node of interest. This methodology also incorporates testing of rate heterogeneity within the quartet under 1-and 2-rate models, with failed quartets being dropped from further analysis. As promising as this approach is, it probably works best with multiple, descendant calibration points-a situation that is relatively rare.
Error.-Error in time estimation from molecular sequences comes in many forms but can be subdivided roughly into genetic and calibration-specific errors (Fig. 2 ). Authors should report these errors whenever they report inferred time estimates. When multiple pairwise distances are used to estimate an average distance across a node, a mean and SE can be calculated. When a local molecular clock is constructed by fitting a line through multiple fossil ages and molecular divergences, error is associated with the regression coefficient (regressions plus error- Hillis et al. 1996 ; Fig. 3 ). Although the assumption of a molecular clock is that calibration points should fall roughly along some line, rate heterogeneity between taxa and interpretation of the fossil record can make this relationship nonlinear (Fig.  4) . A 2nd way to assess genetic error is through bootstrapping. From each bootstrapped replicate, trees can be built and pairwise distances generated, which provide a measurement of variance. A potential method for measuring phylogenetic uncertainty would be Bayesian statistics (Huelsenbeck et al. 2000b) .
The extent of some genetic errors depends on the time scale investigated. For example, coalescence in a gene tree can yield significantly older divergence times than the actual cladogenic event studied, which is especially problematic in population studies. Similarly, most linear regressions between genetic distance and evolutionary time are forced through the origin. This approach carries the assumption that no genetic variation exists in the present. Some molecular workers (Avise and Walker 1998; Edwards 1997) have suggested that net divergence (a proxy for time) should be considered as gross divergence minus within-clade diversity (a proxy for genetic diversity at the time of cladogenesis). This level of analysis may not be very important for estimating divergences above the genus level but must be considered by those estimating relatively recent times of divergence (Ͻ5 ϫ 10 6 years ago), where it could be an important factor.
Although the genetic-error component to molecular clock approaches has received most attention (Bromham et al. 1999) , the error derived from the fossil calibration points themselves should not be ignored. This error is universally assumed to be of negligible value, but it can significantly compound errors in certain cases, causing calibrations to become less valuable if temporally well-constrained hypotheses are to be tested (e.g., diversification of mammalian orders at the K-T boundary-M. van Tuinen and E. A. Hadly, in litt.) . For this reason, it is helpful to investigate the literature to identify all possible calibration er-rors (Fig. 3) . Calibration error is a composite of phylogenetic and dating errors in the calibration fossil(s). The phylogenetic error component (Fig. 3) includes errors due to the already discussed distance of minimum age from true divergence and difficulty in distinguishing stem from crown group and phylogenetic uncertainty of oldest fossils of fragmentary nature.
Dating geologic error (Fig. 3) includes errors around age determination of the fossil stratum. In most occurrences, fossils are not actually dated themselves, but dating relies instead on strata at, above, and below the layer of interest. Material for testing can be associated with a fossil, but there is always some uncertainty as to whether it was deposited at the same time. Beyond this error (which in most cases is of negligible value), actual dating methods contain some error. The extent of these instrument and technique errors (Fig. 3 ) differs by method (e.g., argon-argon ratios displaying less error than potassium-argon ratios -Faure 1986) . For geological reasons, many fossil layers cannot be dated by material from the site. Here, biostratigraphy is used to match strata in 1 locality with similar (and hopefully chronologically equivalent) strata elsewhere that have been dated (but also carry errors). Of all errors involved, the stratigraphic correlation error (Fig. 3) is very difficult to assess and is usually ignored.
CONCLUSIONS
Consistency among researchers in using paleontological data in conjunction with molecular clocks is highly desirable. We recommend the following: identifying actual fossils involved in calibrating molecular clocks; justifying calibration age by citing supporting literature relevant to the dating of the fossil and to its phylogenetic position; emphasizing use of minimum estimates of age of fossils resulting in minimum molecular estimates; testing for rate heterogeneity across taxa and loci; and providing confidence intervals with each molecular estimate. To some extent, the last 2 recommendations are already met in existing molecular clock studies, but the first 3 points are mostly absent in the molecular literature.
There is much to be added to studies of mammals if we can estimate either relative or absolute timing of events in their history. Until relatively recently, we were completely constrained to the paleontological record to do this. Now, it is possible to extract a temporal component from molecular data. True, use of molecular data for timing events in the past can be fraught with numerous sources of error as we discussed above. However, with an appreciation for this error and a conservative approach, it should be possible to add an important perspective to molecular studies. The number of tools for this approach is growing. Genomics is providing a broader array of molecular data that may be more clocklike in evolution. Powerful analytical tools are allowing us to recover meaningful data where once we thought it inappropriate. Although we should be cautious about our data and cognizant of the problems, we should not disregard the remarkable opportunity at hand.
